We used data from uneven-aged research plots in west-central New Brunswick to validate a sugar maple (Acer saccharum Marsh.) diameter growth model initially developed from remeasured trees in single-tree selection system stands at two New York State locations. We also refitted the coefficients to fit the New Brunswick data and added variables to account for variation across locations and treatments among the New Brunswick plots. The original equation predicted future diameter for New Brunswick trees reasonably well, but a version with coefficients specific to New Brunswick proved more accurate. Adding variables that account for unique features of the New Brunswick data reinforced the notion that growth rates differ across locations, and also that post-cutting diameter growth varies with the intensity of release. Although the New York model and the general model with refitted coefficients unique to New Brunswick indicated that rates of growth do not change throughout a cutting cycle, equations having a variable to account for location of the New Brunswick research sites showed that growth decreased with time. Test results are presented.
Sugar Maple Diameter Growth
used remeasurement data from managed, uneven-aged, northern hardwood (tolerant hardwood) stands in two different physiographic locations in New York State to formulate a diameter growth model for sugar maple (Acer saccharum Marsh.) trees. The data represented tree growth for a wide range of residual basal areas and with lapse times of 15 to 25 years following cutting. Consistent with early reports by Eyre and Zillgitt (1953) , the New York growth model indicated that small trees increased in diameter more rapidly than larger ones, and particularly in stands at the lower levels of residual stocking.
Tests revealed that several commonly used growth metrics and competition indices failed to improve the model fit and predictive ability over stand-level basal area alone. This included a tree-specific competition index (Kiernan 2007) . The final New York model uses initial tree diameter, stand residual basal area, and lapse time since cutting as explanatory variables in predicting future tree diameter (Table 1) . It accounts for temporal autocorrelation of the remeasurements, and for differences in tree growth rates between central New York State and the Adirondack Region (Kiernan et al. 2008) .
The potential to account for variation in tree growth between those two physiographic regions encouraged us to adjust the model to fit New Brunswick conditions. Access to remeasurement data from research plots at five locations in the west-central part of the province provided an opportunity to test this hypothesis. In addition, whereas original New York data came only from managed stands, data from New Brunswick represented trees in both managed and unmanaged plots. That allowed us to compare effects of a cutting treatment on sugar maple diameter growth with trees in unmanaged plots. We hypothesized that selection system cutting would enhance the growth of all trees, and particularly those of smaller diameter classes (after Eyre and Zillgitt 1953, Kiernan et al. 2008) .
Methods
New York data came from remeasurement of individual sugar maple trees in uneven-aged northern hardwoods stands managed by a single-tree selection system. They represent a range of residual basal areas from about 12 m 2 ha -1 to 18 m 2 ha -1 , with cutting cycles of 15 to 25 years matched to residual stocking as suggested by Hansen and Nyland (1987) . Specifics For personal use only.
about the stands, remeasurement strategies, and statistical methods appear in Kiernan et al. (2008) . Adirondack sites are in the Huntington Wildlife Forest near Newcomb, NY. They lie at an elevation of 520 m to 580 m. The growing season lasts 100 to 120 days. These sites have mostly Becket soils, classified as deep, moderately welldrained, strongly acid, strongly podzolized, moderately coarse-textured, and with a fragipan. They formed in stony glacial till composed primarily of granite, gneiss, and schist (USDA NRCS 2010). Southern Tier sites lie on the Allegheny Plateau in central New York State, south of the villages of Cuyler and Truxton. The elevation ranges from 520 m to 540 m. The sites have 140 to 150 frost-free days. Soils belong to the Lordstown, Mardin, and Volusia series, derived from glacial till. They are strongly acid, have a channery loam texture, and variable rooting depth to a fragipan or bedrock. These soils were derived from sandstone, siltstone, and shale bedrock (USDA NRCS 2010).
In 1993, AV Nackawic Inc. (formerly Ste. Anne de Nackawic Ltd.) established cutting treatment plots in uneven-aged tolerant hardwood stands in west-central New Brunswick (NB). These were part of a larger provincial program involving the forest products industry, the New Brunswick Department of Natural Resources, and the University of New Brunswick (Kershaw et al. 1994) . Many of the sites were harvested and not remeasured after loss of federal funds to continue the research. However, the plots established by AV Nackawic Inc. west of Fredericton, NB remained intact (Table  2) . Table 3 lists general stand characteristics for each location. They are on moderately well-drained forest soils that range from medium silt loam to coarse sandy loam. These formed from till composed primarily of calcareous siltstone, sandstone, and metasedimentary rock. Most have a depth in excess of 0.9 m to a contrasting layer of compact subsoil or bedrock (Colpitts et al. 1995) . The growing season across this general area (near Fredericton and Saint John, NB) averages between 124 and 139 frost-free days per year (http://www. almanac.com/content/frost-chart-canada).
Before treatment, the New Brunswick stands had sugar maple, American beech (Fagus grandifolia Ehrh.), and yellow birch (Betula alleghaniensis Britton) as dominant species (the Acer saccharum-Fagus grandifolia-Viburnum alnifolium community type, after Roberts and Wuest 1999, McLaughlin 2000) . Remeasurement of numbered trees occurred periodically through 2008. All locations had a partially cut and an untreated control plot, each subdivided into four subplots for record-keeping. We could determine the pre-and post-cutting basal area for each one. Altogether, we were able to use 28 of the 40 original subplots. Records for 12 others showed an unexplained loss of trees, possibly due to unrecorded cutting. We removed those subplots from the data set (Table 3) .
The final data set included location, initial tree diameters, those at different times through 2008, initial subplot basal area, and subplot basal area after any cutting. We used the difference between pre-and post-treatment basal area for each subplot to keep track of trees released by the cutting, as well as the intensity of release. Two-sample t-tests were used to compare the change in diameter between treated and control plots over the two time periods and across the size classes. The pooled data set has 394 sugar maple trees, with 85% selected at random to calibrate the models, and the remaining 15% used for validation. Basal area among the combined subplots ranged from 8.61 m 2 ha -1 to 35.87 m 2 ha -1 (Table 3) .
With these data, we: Model 1: predicted future diameters for New Brunswick sugar maple using the unaltered New York model for the Adirondack location; Model 2: refit the New York model (Kiernan et al. 2008) with new coefficients using New Brunswick data, but without a blocking (location) variable; Model 3: added a location (blocking) variable to Model 2 to represent potential differences between the five research sites, and also a polynomial variable (Time 2 ) to account for the curvilinear nature of the New Brunswick data (that associated with time following cutting); Model 4: added a discrete variable to Model 3 to designate whether the data came from a treated or untreated plot; and Model 5: replaced the discrete treatment variable in Model 4 with a continuous one to represent differences in plot basal area before and after the cutting treatment. We initially planned only to refit coefficients to the New York model to determine if it also might provide reasonable The Forestry Chronicle Downloaded from pubs.cif-ifc.org by Natural Resources Canada on 08/08/12
For personal use only.
estimates of future diameter for sugar maple trees in New Brunswick. For that work, overlap of plot densities across locations justified pooling all data sets when developing Model 2. In addition, the overall design for the New Brunswick plots suggested opportunities to explore a broader range of prediction equations, including assessment of differences between locations. So, for Model 3 we added a blocking factor to separate data from the five research sites. Having those data also allowed us to explore potential differences between treated vs. untreated plots (Model 4), and whether future diameter varied with the intensity of a cutting treatment (Model 5). We used PROC MIXED in SAS to fit the models while accounting for temporal autocorrelation. An autoregressive covariance structure accounted for the repeated measurements of each tree, and an unstructured covariance structure was used to model the variation between trees. We used the independent validation data set to generate lack-of-fit statistics (Rawlings 1988, Arabatzis and Burkhart 1992) and computed:
(1) the mean (e) prediction error across all validation trees to provide an estimate of the model's prediction bias [1] where o i is the observed diameter for tree i, p i the predicted diameter for tree i, and n is the number of observations in the validation data set;
(2) the mean ( e ) absolute prediction error to serve as a measure of magnitude of the model's prediction error;
[2] (3) the root mean square error (RMSE) [3] where m is the number of parameters estimated. Table 1 shows coefficients for the four new models, plus the original model from New York. Table 4 summarizes the AICc values and validation statistics of the models, with low AICc values indicating a better fit to the data. These reveal that the original New York model (Model 1) had the largest negative bias, indicating an over-prediction of future diameters for sugar maple trees at the New Brunswick locations, and particularly for extended periods of time. The refitted model (Model 2) had a positive bias. On average, this indicates an under-prediction of future diameter. The model had a lower magnitude of prediction error and a smaller RMSE. This bias likely results from the curvilinear nature of the New Brunswick data, and the slowing and leveling off of diameter growth through time (Fig. 1) . We did not observe this in the New York data.
Results
The inclusion of a TIME 2 variable, along with one for location (Model 3), resulted in a decrease in the AICc value and reduced the bias by approximately 50%. Even so, the TIME*DBH 2 variable became less significant compared with Model 2. The discrete treatment variable in Model 4 was not significant and failed to identify any difference in diameter growth attributed directly to features among the control and treated plots. The continuous treatment variable in Model 5 was significant (p = 0.0723). That positive coefficient indicates that the magnitude of increase in diameter depends on the amount of basal area removed by cutting (Fig. 2) . The more intense the release, the greater is the change in diameter for any level of residual stocking.
We plotted the predicted diameters of sugar maple trees based on the New York (Adirondack) model and the those for New Brunswick (Models 2 and 3) to compare the growth estimates for 10-, 20-, and 40-cm trees over a 15-year period in stands cut to 18 m 2 ha -1 (Fig. 1) . They show that the original model from New York predicts a greater 15-year change in diameter for smaller trees (e.g., 10 cm) than with either of the New Brunswick models. For 20-cm sugar maples, all models have similar results across time. For sawtimber trees (40 cm), the New York and all the New Brunswick models predict similar diameters for the end of a 15-year growth period, even though predicted sizes based on the New York model remain smaller throughout earlier phases of the prediction period. Similarity of the end-point diameters across all models results from the slowing of growth through time on the New Brunswick plots, whereas data from New York stands show a non-declining change of diameter throughout the 15-year period.
In addition to evidence about treatment effects provided by the continuous variable, t-tests revealed a significant difference between the control and treated plots over time (p < 0.001). This further suggests a treatment effect not captured by the discrete variable in Model 4 was likely due to the great variability in plot basal areas across locations. Moreover, confidence intervals about the mean diameter change (95%) by the end of the last remeasurement period showed that the treatment had a greater effect on trees less than 15 cm (0.713 cm, 2.017 cm) compared with ones greater than 15 cm (0.120 cm, 1.063 cm). 
Discussion
Findings reveal only small differences in predicted future diameter among any of the New Brunswick models that include a TIME 2 variable. As illustrated in Fig. 1 , the original New York model (Model 1) predicted similar end-point diameters as the two New Brunswick models. Yet, it does not show a slowing of the change in diameter through time, as seems to be true in the New Brunswick data. Model 3 had the greatest improvement in the AICc value. This, along with comparable validation statistics, suggests that the general form of the original New York model has applicability, but benefitted from modification to better fit the curvilinear nature of the New Brunswick data. Compensating for specific location improved model fit the most. That also proved true with the original New York model, which has a variable to separate data from central New York and the Adirondacks. Findings reveal the value of incorporating location as a factor in predicting the change of diameter for sugar maple trees in uneven-aged stands. Overall, the greatest difference between the New York and other models appears in predicting long-term change for the smallest trees, and short-term change for largest ones (youngest and oldest). Generally, the smaller trees in New York and New Brunswick grow at similar rates during early years after release (Fig. 1) , but the latter slow for extended growth periods. Among large size classes, New Brunswick trees initially grow more rapidly, but end up with diameters similar to those in New York, also due to a slowing of growth through time.
Adding a discrete variable to separate the New Brunswick data for treated and untreated plots did not prove significant. This may reflect the great variability in stocking between treated and untreated plots across locations. But accounting for the amount of basal area removed as a continuous variable revealed a significant difference in diameter growth attributable to the treatment. This seems consistent with long-standing observations by Eyre and Zillgitt (1953) for uneven-aged stands under selection system silviculture. They showed that sugar maple trees in cut stands grew better than those in unmanaged areas, and that the diameter growth increased in proportion to the intensity of cutting. In addition, Eyre and Zillgitt (1953) observed that although trees of all sizes grew better in cut vs. uncut stands, the greatest increases related to cutting intensity occurred among the smaller size classes. Small trees within their uneven-aged northern hardwoods grew most rapidly in residual stands of low basal area. That also proved true for the diameter growth model developed by Kiernan (2007) for New York, and with Model 5 for New Brunswick. This reinforces findings indicating that the degree of release as well as the residual basal area affected the growth of sugar maple trees within the research stands in west-central New Brunswick. This likely occurs elsewhere as well.
Applications
Users can rely on the refitted New Brunswick model (Model 2) for general predictions of future sugar maple diameter among uneven-aged tolerant hardwood stands in west-central New Brunswick. Model 3 fit the data better, but it is location specific and has less general utility across a wide geographic area. Accounting for the difference between pre-and post-cutting basal area in Model 5, as well as residual stocking, revealed that the degree of release has an additional effect on predicted future diameter regardless of the initial tree size. This has important silvicultural implications.
